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other layered transition metal dichalcogenides . The goals were to determine

the conditions under which samples of niobium sulfide with known stoichiometry

and structure could be prepared, to determine how stoichiometry and structure

affect the superconducting transition of these materials , and to examine the

system for signs of a charge density wave . In the cours e of investigating

this last problem, vanadium—doped niobium samples were made and their

properties studied.

Samples of niobium sulfide were prepared from the elements by

reaction at high temperature (generally 950° C) followed by quenching from

some annealing temperature (usually 750° C). The stoichiometry of the product

depended on the pressure of excess sulfur present , and the structure of

the product depended on the stoichiometry . When x in Nb1+ S2 was between

0.18 and zero, two phases were observed . The stoich.tometric disulfide

was the 2H polytype, and all the evidence from this study indicates that it

is a line phase. Powder x— ray patterns exhibited some diffuse lines indicative

of disorder. For 0.07 < x < 0.18 , 3R-Nb1 ~~S2 was obtained. The powder

x-ray lines were sharp, indicative of good crystallinity. No evidence was

obtained for the existence of a stoichiometric 3R polytype, nor was there any

evidence for long range ordering of the interlayer niobium atoms in the

nonstoichiometric material .

The nonstoichiometric 3R-Nb S did not superconduct above 1 .S° K.1+x 2

The stoichiometric polytype 2H-NbS2 superconducted at about 6.3 ° K with

a typical transition width of 200mK .

The nonstoichiometric 3R polytype had a temperature—independent ,
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Paull-type , paramagnetic susceptibility with a slight , non—Curie—Weis s

like temperature dependence. The susceptibilities provided no evidence for

the existence of a charge density wave state in either the 2H or 3R polytype.

Since the 2H polytype was a line phase , the CDW was not destroyed by

nonstoichiometry. Also , there is no pressure dependence to its supercon-

ducting transition temperature , so it must have no CDW .

With respect to CDW, the 3R polytype exhibits more complicated

behavior . A correlation noted by Thompson [Phys. Rev. Lett.34 520(1975)]

predicts the appearance of CDW for certain stoichiometries in this polytype .

However, a 3R-to-2H structure change is observed at x = 0.07 just where

the c/a ratio would suggest a CDW is expected to appear. For those stoichio-

metries where a CDW was expected in the 3R polytype, the 2H stacking was

preferred . An explanation for the stacking change may involve Coulomb inter-

actions between incipient charge density waves in adjacent layers of the two

polytypes. In the 3R polytypes, the layer-to-layer metal atom registries would

require some of the CDW maxima to be close together in adjacent layers , but

in the 2H polytype they would be well separated .

To test the hypothesis that it is an incipient CDW which drives the

phase change , vanadium—doped materials were prepared. The random potential

in the cation sublattice produced when a V atom substitutes for an Nb atom

was expected to suppress any incipient CDW , and thereby suppress the

3R-to-2H phase change . All the vanadium-doped materials were the 2H polytype

instead of the 3R expected .

The vanadium-doped materials showed interesting physical properties.

They remained superconductors . The first 1 .1% V dropped the T
~ 

by one degree

~

• •
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to about 5.3° K, then T
~ 

was nearly constant to 4.4%V . This behavior was in

spite of the presence of a local moment on the V consistent with a & system.

The evidence suggests that a small amount of V substitutes for Nb on

Nb sites in the layer , while the rest goes between the layers , driving the

material farther and farther from a one—metal—to—two-sulfur stoichiometry as

the vanadium content increases. The V in the layers causes the initial drop

in superconducting transition temperature; that between the layers must have

no effect on it , in spite of the local moment . Thus , the layers appear to act

independently of what is between them.

(7) Lynn Schneemeyer, “Effect of Niobium Substitution on CDW

anomalies in Vanadium Diselenide” , I. Less—Common Metals, ~~ 343(1978) .

Precise measurements of the static magnetic susceptibility have been

made by the Faraday method over a range of temperature from 1.3 to 300° K

on a series of niobium—substituted vanadium diselenides . The kink anomaly

associated with onset of the CDW at 117° K in VSe2 is observed to move to

higher temperatures as the niobium concentration is increased. In addition,

plateaus appear in the susceptibility vs. temperature curve below the onset

temperature . It is suggested that the plateaus are due to stepwise destructIon

of the Ferm i surface . Transition to the commensurate state is observed at ~75°K

in pure VSe2; it is relatively insensitive to the doping level and is observed as

an anomaly in the magnetic susceptibility even at a 10% doping level .

(8) Lynn Schneemeyer, “Effect of Nonstoichiometry on CDW in VSe2 ”,

to be published, manuscript in preparation.

A systematic investigation has been made of the effect of nonstoichiometry

on the CDW state in vanadium diselenide . The effects were monitored by static
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magnetic suscepti~ .1ity measurements over the range 4.2-300 ° K. For the series

V1~~ Se2 (0 <x < 0.12) the onset temperature of the CDW kink anomaly was

observed to decrease slightly and the magnitude of the susceptibility drop to

decrease rapidly with increasing deviation from ideal stoichiometry . The

behavior of the characteristic Curie tail of the liquid helium region, which

became more pronounced with increasing nonstoichiometry , suggests that

the excess vanadium, believed to be accomodated in interlayer sites , is

primarily V 3+. Donation of electrons to the layer may act to reduce the strong

trigorial distortion of the octahedral sites in VSe 2 and thus broaden the d band .

Such band filling may result in moving the Fermi Surface off a peak in the

density of states and make CDW effects increasingly unfavorable .

(9) LYnn Schneemeyer, “Mixed Anion Molybdenum Dichalcogenides ”,

to be published.

A series of samples MoS2 ...~
Se

~ 
(0 <x < 2) was prepared by direct

reaction of the pure elements at 900°C. Powder x-ray patterns with copper

Ka radiation showed a continuous series of solid solutions , all of the 211

polytype. The a parameter shows a nearly linear increase with increasing x,

the c parameter follows a parabolic curve , c/a shows a maximum at MoS0 7Se1 ~
which corresponds to the same anion ratio found for the maximum in the tungsten

system . The nonlinear behavior of c vs. x, in violation of Vegard’ s law,

appears to be due to protrusion of the much larger selenium atom into the

van der Waals gap, causing a disproportionate increase in C.

(10) David Hodul, “The Chemistry of Metal—Nonmetal Transitions in

Hafnium Dichalcogenides ” , to be published, manuscript In preparation.

_ _
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There are two possible ways of producing a metal-nonmetal transition

in hafnium dichalcogenides. Electrons can be added to the empty conduction

band of serniconducting HfS2 or HfSe 2 by group V doping, halide substitution

for the chalcogen, or alkali metal intercalation. Alternatively, solid

solutions can be made of a metal and an insulator , e.g. T1S2 and Hf 52 , HfTe2

and HfS e2 . Several of these avenues were investigated in an attempt to study

a metal-nonmetal transition in these materials.

The materials HfTe (0 < x <0.6)  and HfS (0 < x < 1) were2-x 2-x

prepared and characterized, using powder x—ray and standard analysis

techniques , to understand better the properties of the end members of the systems ,

i.e. Hfre 2 and HfS 2. Optimal reaction conditions were determined and synthetic

preparation of single crystals of Hfre2 x was found possible . Homogeneous

products could not be made in the systems EfI Te (0 <x < 1) or Hfi Sx 2—x x 2 —x

(0 <x < 1), as the dichalcogenide is always formed.

The system HfSe Te is homogeneous with the iT structure over2-x x

the whole range 0 < x < 2. It shows a metal—nonmetal transition at x 0. 1,

as determined by magnetic susceptibility and electrical conductivity studies .

Nonlinear variation of the c/a ratio as a function of composition in these

hexagonal materials is explained by a model using hard-sphere packing and

changes in ionicity .

The materials Nb Hf S , Mo Hf S , Li HfS , TI HfS , andx 1-x 2 x 1-x 2 x 2 x 2

V HfS2 were prepared by various synthetic methods, and characterized by

powder x-ray techniques. LIXHfS2 showed an ESR signal , but none of these

compounds was found to be superconducting above 1.5° K.
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(ii) Alex Chang, Philippe Molini& “Electric and Magnetic Properties

of Vanadium-Substituted Titanium Disulfide” , Journal de Physique1 39 (C6) , 1070(1978 ) .

The electrical conductivity , static magnetic susceptibility , and Hall

voltage have been measured frcm room temperature to liquid helium on a

series of vanadium-sub Ltituted titanium disulfides , V Ti 5 (0 < x  < 0.10) .
x 1-x 2

T
2 
dependence of resistivity was observed in dilute crystals (0 <x < 0 .02)

with resistivit~r minima at ~20°K suggesting existence of a local moment in

agreement with magnetic susceptibility measurements . Crystals with higher

vanadium concentration (0.04 <x < 0.10) exhibit semiconducting behavior with

a temperature—dependent “band gap. ” We suggest for this range Anderson

localization of conduction electrons due to potential fluctuation created by

randomly distributed vanadium atoms. This localization is complicated by

magnetic ordering at low temperature . Magnetic susceptibility data s how

Curie-type behavior corresponding to V
3+(d2) with ferrimagnetic ordering at

low temperature. Anomalies in resistivity were observed at temperatures

corresponding to ordering in the susceptibility.

(12) Alexander Chang, “Synthesis and Characterization of Vanadium-

Substituted Titanium Disulfide ”, to be published, manuscript in preparation .

Single crystals of V Ti1 S2 (0 � x � 0.5)  were prepared by vapor

transport reaction. The crystals were characterized by X rays for single

phase composition, ion microprobe analysis for homogeneity , semiquan—

titative optical emis sion spectrography for impurity , and neutron activation

and colorimetry for vanadium content .

A .C. resistivity and Hail voltage were measured on single crystals

• using standard van der Pauw and 5-probe misalignment resistor techniques ,

-

~

-- • •  - - -- -~~~~~-~~- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~•-—_ •
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respectively , from ambient temperature down to 1.9° K. Static magnetic

susceptibility was measured using a Faraday balance over the same temperature

range . Raman scatt ering experiments were performed in an attempt to explain

some observed resistivity anomalies.

For dilute samples , x <0.021 , resistivity minima observed were

explained in terms of a Kondo effect . The relationship T ~~~ was observed,m m

where c is the concentration of magnetic impurity . For x = 0.021 , p ‘~log T

was observed for T < T 1 . ForT> 40° K, observed T
2 dependence of resistivity

was Investigated by comparison with two existing models: electron—hole

scattering of “semimetallic TiS 2 ’ by Thompson , Kukkonen, and Maldague and

the Fivaz mechanism proposed by ‘~Vilson.

More heavily doped sai~~les 0 .039 � x � 0.078 exhibit thermally

acttvated conductivity. Resistivity behavior of these crystals was explained

using the Anderson localization model and compared with other Anderson

localized systems.

Whereas T1S2 shows only temperature-independent paramagnetism ,

vanadium -doped samples show a composition- and temperature-dependent

magnetic moment . Such a moment is believed to arise from interlayer vanadium,

possibly as V 3
~, as observed In V

5S8 
and V

5
Se8. Ma gnetic effects play an

essential role , especially at low temperature , in causing anomalous resistivity

behavior.

(13) Rob Hemmel, “X-Ray Diffraction Studies and Magnetic Measurements

of the VSe S System .”2-x x
The series of mixed-anion compounds VSe S (0 <x < 0.20)2-x x
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has been prepared by reaction of the elements at 800° C. X-ray diffraction

studies indicate that a decreases linearly with x but c show s a parabolic

drop—off . Magnetic susceptibility measurements over the range 4.2—300 ° K

show a slight decrease in the CDW kink anomaly temperature from 114°K

for x = 0.01 to 106°K for x = 0.10.

(D) CHEVRE L PHASES

(1) Frank Delk, “Correlations between Structure and the Superconducting

Transition Temperature in Chevrel Phase Molybdenum Chalcogenides ”, to

be published in Solid State Communications.

The class of molybdenum chaicogenides M M06X8 (where M = Pb ,

Sn , Rare Earth, or vacancy andX= 5, Se, or Te), are known as Chevrel phases.

One of their most Intriguing aspects is their wide variability of superconducting

transition temperature and lack of obvious correlations with ternary element

or structure.

~ L~ ~~~~~~~ ~~~~~ Most of these materials crystallize

in the rhombohedral space group R3. The

I 
- - 

I I characteristic feature of the lattice is the

= M06X8 unit . The anions X form a distorted

I cube with the Mo atoms occupying face

center positions and forming a Mo6 octahedron.
I When a large ternary element is present, (e.g.,

• 
____________  

_ 
~ Pb , Sn, Rare Earth, . . .) it occupies positions

S = Mo on a nearly cubic lattice , since the rhombo-

o= s hedral angle is nearly 90° in these materials.

•=Pb

L --- ~~~~~~~~~~~ • ~~~~— •~~~
•
~~~~~

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The M06X8 units occupy the cubes formed by the ternary element , sharing a

common three—fold axis with the ternary element lattice. The principal

distortion from cubic is a rotation of 25° of the Mo
6X8 

about the axis with

respect to the other lattice , this being the 3 axis . The hexagonal c unit

vector is the vector along 3 between two ternary atoms. The a unit vectors

are perpendicular to the c axis .

_______________________________  
When the superconducting

I I I
transition temperatures of a number

15 - r~~ o~p~~g -

• of lead Chevrel phases , PbMo S
• a a-1 6 8

• 12.1~~~~~~~ 
PbMo6 (S,Se) 8, M~

Pb 1~~
Mo 6S8,

• ‘ a-s and PbMO6S0 , are plotted as a
• O~s —

T 
. function of their hexagonal c/a ratios ,

C • it is noted that , although neither T
( )  •

nor c/a are well defined functions of
• A—S

A-’— s-o - composition , T turns out to be a
A- c

A ’  
• 

monotonic function of c/a , with the

excep tion of PbMo
6Se8.

•

0 I
1.22 1.23 1.24 1.25

c/a

I
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I 1 1 I I I I Similarly if T is plotted

Mo (S Se)~6 - - as a function of c/a for Mo6 (Se ,S)8,

- 
the result is again a linear dependence

of T on c/a .

For the rare earth ternary
(K)

3 superconductors , it has been suggested

2 [Bull. Am. Phys . Soc . 23 347(1978)]

that TciS depressed by pair breaking

• due to a weak exchange interaction

o 
1.11 1.12 1.13 1.15 1.16 between the d conduction electrons and

c/a the rare earth ions . If corrections are

applied for this effect , the corrected

10 1 ~~~E I transition temperatures again show a

strong linear correlation between Tc

- - 

and c/a ratio . The YbMo6X8 materials

- - 
are anomalous but are believed to

(K) U 2+contain Yb unlike the typical rare
-

0 3+earth RE
0

- - It is apparent that T is a veryc
- sensi tive function of the c/a ratio.
-o -

The ~ parameter gives a direct measure

of the strength of the interaction along• 0 I I I
1.23 1.24 1.25 1.26 the 3 axis. The interaction likewisec/a

depends on the size of the chalcogen on

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the 3 axis and the size of the ternary element and its delocalization from

the 3 axis. It is believed to be quite weak as is evidenced by the existence

of superconductivity in the rare earth ternaries, soft phonon modes associated

wit h the ternary element, and suspected coexistence of magnetic ordering

and superconductivity.

The a parameter is related to intercluster interaction. It reflects

increasing chalcogen size by increasing. A more subtle effect is expected

to result from varying charge transfer to the Mo d conduction band . Yvon

and Paoli (Solid State Comm. 24 41(1977)] showed that the Mo-Mo intracluster

distance decreased with increasing charge transfer to the conduction band,

showing its bonding nature. Inasmuch as the intercluster interaction is

bonding, an increase in the charge transfer should be accompanied by a

decrease in the a parameter. Indeed, this is seen to be the case. YbM06S8
and EuM06S8 exhibit anomalously large a parameters relative to the other rare

earth molybdenum sulfides . This is due to the smaller charge transfer since

these materials are thought to contain Yb2+ and Eu2+ ions instead of RE3+ 
as

found in the other rare earth ternaries.

The c/a ratio is then a measure of the bonding along the 3 axis

normalized for chalcogen size and electronic changes. Increase in this ratio

indicates a weakeningof the interactions and decreases , a strengthening.

The strong dependence of Tc on c/a is consistent with the strong negative

dependence of Tc on pressure observed by 
Shelton. Increased pressure would

preferentially collapse the soft axis c reducing T
~~
.

It is easy to see that the frequency of the longitudinal phonon mode



—29—

will be directly related to the strength of the interaction and hence to c/a.

The expectation is that as c/a increases , the frequency will decrease. The

importance of longitudinal modes to superconductivity in these materials has

been discussed before . Bader et al . measured the phonon spectra of PbMo6S8
and SnMo 6S8 and concluded the soft modes associated with libration of the

M06X8 unit were important for superconductivity. More recently Culleto and

Pobell studied the isotope effect on the superconducting transition temperature

and concluded that it is either the soft longitudinal modes or the hard internal

modes of the M06X8 units which are important for T .

The strong dependence on the c/a ratio that Tc exhibits is consistent

with the longitudinal modes contributing to the superconductivity in these

materials. The puzzling aspect is the apparent inverse dependence of Tc
on the phonon frequency. This is in apparent contradiction to the isotope

effect and the dependence predicted in the BCS theory . A possible explanation

is that increasing the c/a ratio produces better electron-phonon coupling and

this effect dominates. Culleto and Pobell report the lattice parameters of the

isotopically substituted Mo6Se8 series are practically identical. Hence they

observe the pure isotope effect .

The anomalous points PbMo6Se8 , YbM06S8, and YbMo6Se8 can all

be understood in terms of the differing charge transfer to the Mo d conduction

band , with respect to the relevant series . Both of the ytterbium Chevrel

phases are believed to contain mostly Yb2+ and therefore transfer “1 less

electron to the conduction band than the other rare earth ternaries . It has

been suggested that in the Chevrel phase selenides , the selenium ions
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have a formal charge less than -2 and hence there is an increased charge

transfer to the conduction band with respect to the sulfides . [1’. Solid State

Chem. ~~ 87(1977)] . Anderson et al. have placed the Fermi level in PbMo6S8
at a peak in the density of states. Thus , YbM06S8 is expected to fall on

the curve generated by the lead ternaries based on its similar charge trans fer .

This is seen to be the case. As the charge transfer increases and the conduction

band fills, there will be a sharp drop in the density of states. This would

lead to a concomitant drop in the transition temperatures seen in a group with

similar fillin g of the conduction band. As the charge transfer continues to

increase , a minimum in the density of states will be reached and a further

increase will be accompanied by an increase In the density of states. This

will outwardly manifest itself in higher transition temperatures in a series of

materials . This is precisely what is observed as the charge transfer is

increased from the Pb and Yb Chevrel phase sulfides to the Pb and Yb Chevrel

phase selenides, to the rare earth Chevrel sulfides , and finally to the rare

earth Chevrel selenides . This is consistent with placing the Fermi level at

the lower peak in the density of states of the Eg conduction band.

It is clear that the superconducting transition temperature is a

sensitive function of the crystallographic c/a ratio, charge transfer remaining

constant . As noted, this is consistent with the longitudinal phonon mode’s

being impo rtant for superconductivity. However , the inverse dependence of

on frequency, opposite that expected, leads us to suggest that the electron-

phonon coupling is strongly dependent upon c/a and dominates the observed T .

Since changes in stoichiometry can widely vary c/a , the wide range of TC’S
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reported in the literature is more easily understood.

III . UNFINISHED WORK

The Chevrel phases remain a tantalizing enigma . All the evidence

indicates that standard preparations result in multiphase products . We have

tried to grow single crystals (flux growth, vapor phase transport , minimum-

gradient mineralization) with a singular lack of success. The precise stoichiometry

of the superconducting phase , particularly for the rare earth Chevrel

compounds , is not established. We have reason to believe that sulfur

deficiency is critical in fixing the structure , c/a , and T .  Because the Chevrel

phases have high critical temperatures and high critical fields and because the

copper analogue has apparently been successfully fabricated into a magnet

coil, it would be worthwhile to investigate the stoichiometry problem in greater

depth so as to have a basis for optimizing parameters .

We have also not been able to complete our project of investigating

the mixed-anion series YbMo6 (S , Se) 8. These materials should be characterized

by a systematic decrease in the density of states , and their study would be useful

in separating the contributing parameters . Most informative would be combined

divalent and trivalent doping to separate out size and electron density effects .

With respect to the hexaborides , an important study left unfinished

is the insertion of beryllium as a substitutional replacement for part of the

boron in the covalent-frame boron network . This should have the effect of

introducing electron holes in the B6 band and reduce the electron pres sure so

that the incipient tendency of La3+ to go La2+ could be minimized. It is

believed that if the formation of trace La2+ could be avoided, the potentially
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high critical temperature of LaB6 might be attained.
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su~ .l ’ r co : i Juc t iv i ty  chalcogenides
non sto ichi o ;~ ctr~’ Chevrel  phases
layer  compounds Me ta l -Nonme ta l  t ransi t ion
i~ur i dc s  Tungs ten  Bronzes

A b ~~~ , A A ’ _ I (.,i. t i m e  on , i , ’ c  e si de If n e c es s a ry  and , J e n r , t v  b, l t i r ~~ r u : i - b r r )

~~—~~~The obj o c t iva  of th is  research was to study the ef fe c t  of chemical comi
sit ion on supr ’rconductivi ty in chemical  compounds.  Four kinds of compounds
wc re investb jci t ed : tunnel—struc ture  tungsten bronzes , covalent - f rame hexa—
1: ~ ride s , ‘ay er e d—stru ctu re  t ransit ion metal  d ichalcogenides , and Chevrel—type
mol ybc~”~ium t e r nar i e s .  In the t u n g s t e n  bronzes , it was found that  changing

Lctroi -i densi ty  v~ is less important  than enhancin g electron—phonon coupl ing ,
i ;y up~ io.~ch to a cr ’1’at a l l ogr aphic  s t ructure  change  oandary . In the metal
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h L X J :  ~ri~ es , it ‘.v~ s shown tb~ t la t t ice  expansion wa s less effec t ive  than
JeC~~i i : Sj flg cend  act ion  electron densi ty in depress ing the superconduct ing
c : i t i ca l  : . ,n cr a ta re , but even more effective was presence of magnet ic  ions
in the m~~t~ l su bU ~tti ce. This was found to he the most likely reason for the
vc:y low critical tu~~pera ture of lanthanum hexaboride. In the layered
. i j ~~h~ 1c~~aenj J ~~s , inse rtion of magnetic ion s between the layers was found
to be les s effective in depressing critical temperature th an either substutition
of :r.a~jnetic ions withi n the layers or departure from stoichiometry . The
1c:L:i ~r was found to lead to a change in pol ytype which could be correlated
with the onset t u r a p e r a t ar e  of a charge density wave . In the Chevrel—type
co~~~ocnds , a new correlation was found between superconducting critical
tc r :~p er at ar e , c/a lattice parameter ratio , a nd deviation from stoichiometry .
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